ABSTRACT Kir1.1 inactivation, associated with transient internal acidification, is strongly dependent on external K, Ca, and Mg. Here, we show that in 1 mM K, a 15 min internal acidification (pH 6.3) followed by a 30 min recovery (pH 8.0) produced 84 5 3% inactivation in 2 mM Ca but only 18 5 4% inactivation in the absence of external Ca and Mg. In 100 mM external K, the same acidification protocol produced 29 5 4% inactivation in 10 mM external Ca but no inactivation when extracellular Ca was reduced below 2 mM (with 0 Mg). However, chelation of external K with 15 mM of 18-Crown-6 (a crown ether) restored inactivation even in the absence of external divalents. External Ca was more effective than external Mg at producing inactivation, but Mg caused a greater degree of open channel block than Ca, making it unlikely that Kir1.1 inactivation arises from divalent block per se. Because the Ca sensitivity of inactivation persisted in 100 mM external K, it is also unlikely that Ca enhanced Kir1.1 inactivation by reducing the local K concentration at the outer mouth of the channel. The removal of four surface, negative side chains at E92, D97, E104, and E132 (Kir1.1b) increased the sensitivity of inactivation to external Ca (and Mg), whereas addition of a negative surface charge (N105E-Kir1.1b) decreased the sensitivity of inactivation to Ca and Mg. This result is consistent with the notion that negative surface charges stabilize external K in the selectivity filter or at the S 0 -K binding site just outside the filter. Extracellular Ca and Mg probably potentiate the slow, K-dependent inactivation of Kir1.1 by decreasing the affinity of the channel for external K independently of divalent block. The removal of external Ca and Mg largely eliminated both Kir1.1 inactivation and the K-dependence of pH gating, thereby uncoupling the selectivity filter gate from the cytoplasmic-side bundle-crossing gate.
INTRODUCTION
Gating of Kir1.1 by internal pH is believed to occur via hinged motion of the inner transmembrane helix (1) (2) (3) (4) (5) . In addition, a secondary gate, responsible for channel inactivation, may also exist at the Kir1.1 selectivity filter (6) (7) (8) (9) , in analogy to the C-type inactivation gate of Kv channels (10) (11) (12) . Both Kir1.1 inactivation and C-type inactivation depend on the occupancy of a K-selective site at the outer mouth of the channel, and both types of inactivation are modulated by permeant ions and channel blockers (1, 3, 6, 8, 9, (11) (12) (13) (14) (15) (16) (17) (18) . However, closure of this Kir1.1 inactivation gate requires prior closure of the pH gate at the bundlecrossing of inner transmembrane helices, which is not the case for C-type inactivation.
Coupling between the K-channel activation gate at the bundle-crossing of inner helices and the selectivity filter gate has been proposed for KcsA (19) (20) (21) and Kv channels (22) (23) (24) . However, the allosteric mechanism of this coupling (which can also be bidirectional) is only beginning to be defined. Furthermore, cross talk between the bundlecrossing activation gate and the selectivity filter gate may be different for Kir channels (25) .
However, the K dependence of Kir1.1 inactivation is similar to the K dependence of KcsA slow inactivation, which has been linked to structural changes at the selectivity filter in which external K appears to stabilize the active state (20, 21, 26) . This suggests that Kir1.1 inactivation probably involves some conformational change at the selectivity filter and/or the outer mouth of the channel (7) . Functional studies with different extracellular permeant ions and extracellular blockers have also implicated the selectivity filter and the outer mouth of the channel as the locus of Kir1.1 inactivation (6) (7) (8) (9) . However, little is known about the specific role of external Ca and Mg on Kir1.1 inactivation.
Recently, Chang et al. (27) showed that external Ca modulated the effects of K on Kir2.1. Since Kir1.1 inactivation is reduced by elevating extracellular K, it is possible that external divalents such as Ca and Mg might affect inactivation by competing with K at the outer mouth of the channel. In addition, Kir1.1b has four negatively charged side chains at its outer surface (E132, E104, D97, and E92) that may stabilize extracellular K in the selectivity filter or act as a locus for external divalent binding and modulation of Kir1.1 inactivation. In this study, we examined the effect of extracellular Ca and Mg on K-dependent Kir1.1 inactivation.
MATERIALS AND METHODS

Mutant construction and expression of channels
We engineered point mutations in Kir1.1b (ROMK2; EMBL/GenBank/ DDBJ accession No. L29403) using a polymerase chain reaction QuickChange mutagenesis kit (Stratagene) and primers synthesized by Integrated Data Technologies (Coralville, IA). Nucleotide sequences were checked on an Applied Biosystems 3100 DNA sequencing machine at the University of Chicago Cancer Research Center.
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Whole-cell experiments
We measured whole-cell currents and conductances in intact oocytes using a two-electrode voltage clamp (model CA-1; Dagan, Minneapolis, MN) with 16 command pulses of 30 ms duration between À160 mV and þ100 mV, centered around the resting potential.
Oocytes expressing Kir1.1 or mutants of Kir1.1 were bathed in permeant acetate buffers to control their internal pH as previously described (28) . The relation between intracellular (i) and extracellular (o) pH was calculated from a previous calibration with Kir1.1 oocytes: pH i ¼ 0.595 Â pH o þ 2.4 (28) . There was no external pH dependence of single-channel conductance or gating for the channels used in this study, as determined in separate experiments with impermeant external buffers.
Whole-cell conductances measured with the two-electrode voltage clamp provided a simple measure of aggregate channel activity at constant [K] , because the internal pH had no effect on single-channel conductance or channel kinetics until the channel abruptly closed (P o ¼ 0) as a result of intracellular acidification (28) . All whole-cell conductances were normalized to the maximum whole-cell conductance for that oocyte to compensate for differences in expression efficiency between wild-type (wt) and mutant channels.
The bath for the whole-cell experiments consisted of 50 mM KCl, 50 mM K acetate, 1 mM MgCl 2 , 2 mM CaCl 2 , and 5 mM HEPES. In low-K solutions, NaCl and NaAcetate replaced KCl and KAcetate, respectively. All solutions had the same ionic strength, except for the 10 mM and 20 mM Ca solutions. The 0 Ca, Mg solutions contained 1 mM EGTA. The 0 K external solutions had no added K and 15 mM of the K chelator 18-Crown-6 (crown ether, catalog No. 07673; Sigma). None of the oocytes in these experiments had significant chloride currents, even with external Ca concentrations as high as 20 mM. Oocytes that exhibited chloride conductances > 2 mS were not used.
We determined the rate of exchange of the external bath by measuring the membrane potential during a rapid increase in external K (16) . These results demonstrated that 98% of the bath solution could be replaced within 10 s.
Single-channel methods
Single-channel currents were sampled at 5 kHz, filtered at 1 kHz, and recorded with pClamp (version 6) on oocytes expressing either wt-Kir1.1b or the mutant E132Q-Kir1.1b. Voltage commands were generated in 10 mV steps between À160 mV and þ100 mV.
The pipette solutions consisted of 100 mM KCl, 5 mM HEPES, and either a), 0 or 10 mM Ca in 0 Mg; or b), 0 or 10 mM Mg in 0 Ca. The potential difference across the patch of membrane was taken as the negative of the pipette holding potential because the oocyte was completely depolarized by the 100 mM K bath solution.
Homology modeling
To facilitate interpretation of the electrophysiological results, we constructed a homology-based model of Kir1.1b. The closed-state 3.1 Å crystal structure of the chicken inward rectifier Kir2.2 (3JYC) (29) 
RESULTS
Kir1.1 inactivation depends on external Ca and Mg
An example of the Ca dependence of Kir1.1b inactivation is shown in Fig. 1 . Oocytes incubated in 1 mM external K at an internal pH of 8 were subjected to a 15 min internal acidification to pHi ¼ 6.3, followed by realkalization to pHi ¼ 8. This pH protocol was repeated at different extracellular Ca concentrations using separate oocytes expressing wt-Kir1.1b. Representative raw data used to construct Fig. 1 are shown in Fig. S1 and Fig. S2 of the Supporting Material. The family of whole-cell conductance curves in 1 mM K (Fig. 1) indicates a strong dependence on external Ca, with 82 5 4% recovery after 30 min in 0 mM Ca (red curve, Fig. 1 ), compared with only 8 5 2% recovery in 10 mM external Ca (blue curve, Fig. 1 ). Decreased levels of recovery correspond to greater levels of inactivation.
The dependence of Kir1.1 inactivation on external Ca was weaker in 100 mM K (Fig. 2 ) than in 1 mM K (Fig. 1) , with 10 mM external Ca producing a maximal inactivation of only 29 5 4% (71 5 4% channel recovery; blue curve in Fig. 2 ). Repeating the pH protocol in the absence of Ca and Mg completely eliminated inactivation in 100 mM K media (red curve in Fig. 2 ). In both 1 mM and 100 mM extracellular K, the rate of recovery of channel activity (1 Ca) 1mM K FIGURE 1 Ca-dependent recovery of wt-Kir1.1b channel activity after a 15 min internal acidification in 1 mM external K, 0 mM Mg. Separate oocytes were exposed to different external Ca levels (mM), and conductance was normalized to its initial value in each oocyte (n ¼ 3 for each Ca concentration).
Biophysical Journal 100(5) 1207-1215 exhibited a fast time course at the start of realkalization (time ¼ 1800 s, Figs. 1 and 2) and a slower time course at times > 3000 s. The fast recovery rates for the pH protocols in 1 mM and 100 mM extracellular K depended on external Ca as indicated in Fig. 3 . Low extracellular K enhanced the sensitivity of inactivation to Ca (and Mg).
As observed in a previous study (7), the pH-dependent whole-cell Kir1.1 conductances reflected channel activity (gating) rather than single-channel conductance, since pH gating in Kir1.1 occurred via an abrupt reduction of open probability (P o ) from >0.9 to zero at low pH (28) . In addition, there was no indication that pH-related changes in whole-cell conductance resulted from channel internalization or trafficking to the surface (7).
Calcium is more effective than Mg at sustaining inactivation
To facilitate a comparison of the effects of Ca and Mg on Kir1.1 inactivation, we plotted the 30 min recovery of channel activity at different levels of either Ca or Mg, based on pH protocols similar to those shown in Figs. 1 and 2. Raising external Ca (in the absence of Mg) reduced recovery of wt-Kir1.1 activity (increased inactivation) in 100 mM, 10 mM, and 1 mM external K (solid lines, Fig. 4) . At the three different K levels, the steepest Ca dependence occurred near the physiological range of extracellular Ca (2 mM). At external [Ca] > 2 mM, larger extracellular K levels were associated with greater channel recovery (less inactivation).
An external [Ca] of 0 (with 0 Mg) essentially blocked the inactivation process (Fig. 4) , except when external K was chelated by 15 mM 18-Crown-6 (dashed magenta line, Fig. 4 ). Chelation of external K inactivated wt-Kir1.1b independently of external Ca. In contrast, the same concentration of 18-Crown-6 had only a small effect on Cadependent inactivation in 100 mM external K (dotted cyan line, Fig. 4 ), and this could be largely attributed to 18-Crown-6 reducing the effective [K] below 100 mM.
The effect of external Mg (0 Ca) on channel recovery was similar, but smaller, than the effect of external Ca (0 Mg) and occurred over a larger concentration range. In 1 mM extracellular K solutions, only 9 52% of wt-Kir1.1b (black curve, 
100mM K FIGURE 2 Ca-dependent recovery of wt-Kir1.1b channel activity after a 15 min internal acidification in 100 mM external K, 0 mM Mg. Separate oocytes were exposed to different external Ca levels (mM), and conductance was normalized to its initial value in each oocyte (n ¼ 3 for each Ca concentration). original activity level in 10 mM Mg (0 Ca). The Ca-and Mginduced increase in Kir1.1 inactivation is fundamentally different from effects of other extracellular blockers such as Ba, Cs, and TPNQ, all of which decrease the level of inactivation (7).
Negative surface charges affect the divalent sensitivity of Kir inactivation
Kir1.1b has four negatively charged side chains (E132, E104, D97, and E92) at the outer mouth of each monomer that are possible candidates for interaction with external divalents as well as extracellular K (Fig. 6 ). Replacing all four negative surface charges with neutral side chains greatly increased the sensitivity of the channel to inactivation by external Ca. In 10 mM external K, the quadruple mutant (E132Q, E104S, D97V, and E92A) recovered 100% of its activity in 0 Ca (0 Mg) external solutions (red curve, Fig. 7 ). However, as little as 0.1 mM external Ca produced an 85% inactivation of the quadruple mutant, compared with <15% inactivation of wt-Kir1.1b channel activity for the same acidification-realkalization protocol in 0.1 mM Ca (green curve, Fig. 7 ). Individual removal of negative surface charges at E104, D97, and E92 produced intermediate sensitivities of inactivation to external Ca (Fig. 7) . The greatest sensitivity occurred for removal of the negative Glu side chain at E132, which showed a Ca dependence similar to that of the quadruple mutant (E132Q, E104S, D97V, and E92A).
In contrast to negative surface charge removal, introduction of an additional negative surface charge by the N105E-Kir1.1b mutation greatly diminished the sensitivity of Kir1.1 inactivation to both Ca (solid lines, Fig. 8 ) and Mg (dashed lines, Fig. 8 ) while preserving the K dependence of inactivation that characterizes the Kir1.1 family. The initial recovery rates for N105E-Kir1.1b were strongly dependent on external K, even in the presence of 0 Ca and Mg, which was not the case for wt-Kir1.1b (Fig. S3) . We also removed a negative residue (E104) adjacent to N105E to form a double mutant, E104S-N105E, which has the same net side-chain charge in this region as wt-Kir1.1b. This not only restored Ca sensitivity to the channel but also made it hypersensitive to external Ca, for reasons that are not completely clear (green curve, Fig. 8) . (see Fig. 13 for the locations of E104 and N105E). 
Disruption of H-bonding between inner and outer helices
A critical lysine (K61-Kir1.1b) in the outer helix is essential for Kir1.1 inactivation (6, 7, 9) . Consequently, we examined the effect of removing this lysine by the mutation K61M-Kir1.1b(K80M-Kir1.1a). As indicated in Fig. 9 , K61M-Kir1.1b prevented inactivation at extracellular K concentrations of 1 mM, 10 mM, and 100 mM. At all three of these K concentrations, K61M completely recovered activity, independently of external Ca (and Mg), after a 15 min closure of the bundle-crossing pH gate by internal acidification to pH 4. K61M required a lower internal pH to close the bundle-crossing pH gate than wt-Kir1.1, but the protocol was similar to that shown in Fig. 1 . However, chelation of extracellular K with 18-Crown-6 inactivated K61M-Kir1.1b by 30% (green dashed line, Fig. 9 ) independently of extracellular Ca.
External Ca has a minimal effect on Kir single-channel conductance
The single-channel current-voltage relations indicate that 10 mM external Ca has a minimal effect on K channel conductance (g K ) near the reversal potential (of 0 mV) in 100 mM external K for both wt-Kir1.1b and the E132Q-Kir1.1b surface charge mutant (Fig. 10 ). For wt channels in 100 mM K, the single-channel conductance was 44 51 pS (n ¼ 3) in the absence of divalents and 40 5 1 pS (n ¼ 3) with 10 mM external Ca. For the E132Q-Kir1.1b mutant in 100 mM K, there was no measurable difference in single-channel conductance (41 5 1 pS, n ¼ 3) between zero divalents and 10 mM external Ca near the reversal potential (0 mV). At large negative potentials, the reduction in current became stronger, consistent with a weak block in the permeation pathway near the outer part of the electric field. This effect of Ca was similar to but weaker than that of Mg. At a potential of À120 mV, 10 mM Ca reduced the FIGURE 8 Addition of a negatively charged surface side chain (N105E-Kir1.1b) greatly reduced the sensitivity of Kir1.1 inactivation to external Ca and Mg but not to external K. Oocytes were bathed in either 0 Mg (solid colored curves) or zero Ca (dashed curves) and 100 mM, 10 mM, or 1 mM external K. Recovery of channel activity was measured after 30 min of realkalization using the protocol of Fig. 1 (n ¼ 3 for each Ca, Mg concentration). Data for each oocyte were normalized to its initial conductance before acidification. The double mutant N105E-E104S (green curve) has the same net side-chain charge as wt-Kir1.1b but actually has a greater sensitivity to Ca than wt-Kir1.1b. inward K current by 17%, whereas under similar conditions a lower concentration of Mg (3 mM) resulted in a larger block (30%) of the current (30) .
Ca hyperpolarizes the membrane potential at very low external K Ca screening of the negative surface charges (E132, E104, D97, and E92) may well decrease the local K concentration near the outside of the channel, as indicated by the Ca dependence of the reversal potential (V rev ) in wt-Kir1.1 expressing oocytes (Fig. 11) . This effect on local [K] is more pronounced at low external K and is only significant for extracellular K % 1 mM. At external [K] > 1 mM, Ca had a negligible effect on the local [K] adjacent to the membrane (as determined from V rev ), whereas Ca still had a large effect on Kir1.1 inactivation (Fig. 4) .
K dependence of Kir1.1 pKa is abolished by Ca removal
Results from a previous study (8) indicated that in 2 mM Ca and 1 mM Mg, the pH i titration of Kir1.1 is a function of extracellular K, with an apparent pKa that varies from 7.2 in 1 mM external K to a pKa of 6.6 in 100 mM external K. This macroscopic pKa reflects the composite pH dependence of all gating mechanisms in the permeation path.
In this study, we remeasured the K dependence of macroscopic pH i gating in Kir1.1 at different levels of extracellular Ca. Complete removal of both external Ca and Mg abolished the K dependence of pH i gating (dashed lines, Fig. 12 ), whereas raising external Ca to 5 mM (1 mM Mg) increased the K dependence of the apparent pKa, with the largest shift occurring at the lowest extracellular K (solid lines, Fig. 12 ). The inset of Fig. 12 summarizes pKa as a function of extracellular K at external Ca concentrations of 0, 2 mM, 5 mM, and 10 mM. The observed dependence of pKa on external K and Ca implicates changes at or near the selectivity filter as contributing to the global pH i dependence of Kir1.1
DISCUSSION
Inactivation of Kir1.1, associated with transient internal acidification, depends not only on the permeant (K) ion concentration (1, 3, 6, 8, 9, (11) (12) (13) (14) (15) (16) (17) (18) but also on the external concentrations of Ca and Mg. At physiological Ca levels of 2 mM, transient internal acidification inactivated wt-Kir1.1 by 84 5 3% in 1 mM K (green curve, Fig. 1 ) but produced no significant inactivation in 100 mM external K (Fig. 2) . Raising external Ca to 10 mM inactivated Kir1.1 by 92 5 2% in 1 mM K (blue curve, Fig. 1 ) but only by 29 5 5% in 100 mM K (Fig. 2) . Further elevation of Ca above 10 mM did not increase inactivation.
Complete removal of both Ca and Mg abolished >80% of Kir1.1 inactivation at external K concentrations of R1 mM. At very low external Ca, the initial recovery rate (Fig. 3 ) and the 30 min recovery level (Figs. 1 and 2) were largely independent of extracellular K. However, at higher external Ca, both the initial recovery rate (Fig. 3 ) and the 30 min recovery level (Figs. 4 and 5) were strong functions of extracellular K.
The dependence of Kir1.1 inactivation on extracellular K was similar to external K stabilization of the selectivity filter in C-type inactivation of K v channels (11, 12, (15) (16) (17) (18) 27) . However, the mechanism underlying the dependence of Kir1.1 inactivation on external divalents is harder to understand. Neither Ca nor Mg appears to be inhibiting the channels by simple open-channel block, since such an effect would be rapidly reversible. Furthermore, in oocytes depolarized to 0 mV by 100 mM external K, addition of 10 mM external Ca decreased single-channel conductance (g K ) by 7% but decreased Kir1.1b recovery by 29 5 5% (Figs. 4 and 10) .
In principle, Ca and Mg could be acting by screening negative surface charges. since wt-Kir1.1b has four negatively charged side chains (E92, D97, E104, and E132) at the surface of each monomer. Normally, these charges would be expected to electrostatically enhance the local K concentration near the outer mouth of the channel. Ca binding and screening of these surface charges could decrease the local K concentration at the outer mouth of the pore, thereby increasing inactivation. This predicts a shift in the reversal potential for currents through the pore. Although raising external Ca hyperpolarized the reversal potential (V rev ) at extracellular [K] below 1 mM, no significant change in V rev could be detected above 2 mM K (Fig. 11) . Therefore, this mechanism could not account for the observed Ca dependence of inactivation in either 10 or 100 mM K (Fig. 4 ).
An additional argument against a simple screening of surface charge by Ca (and Mg) is that large increases in ionic strength, with consequent charge screening, would be expected to occur at high divalent concentrations. In fact, the predominant effect of Ca and Mg on inactivation occurred at submillimolar concentrations (Figs. 4 and 5 ) that are more consistent with divalent binding than with electrostatic screening.
Ca and Mg may also be exerting their effects by directly displacing K from the selectivity filter and thus destabilizing the open configuration. This also seems unlikely since occupancy of the filter would result in block, which, as discussed above, occurred at higher concentrations than were required for inactivation. In addition, the preferential Ca > Mg sensitivity of inactivation was opposite to the preferential Mg > Ca channel block. External Mg, with a smaller Pauling radius than Ca, decreased g K more than Ca, consistent with a higher affinity of the selectivity filter for Mg. Finally, the E132Q mutant was more susceptible to Ca-dependent inactivation, although there was no significant difference in Ca block of this mutant near the reversal potential, relative to the wt channel (Fig. 10) .
Rather than a simple charge screening or block, it seems more likely that Ca and Mg bind to an external site and allosterically decrease the stability of the selectivity filter or decrease the affinity of the filter for extracellular K. Either of these effects would enhance Kir1.1 inactivation. In fact, complete removal of external K using zero K media and 15 mM of 18-Crown-6 (a K chelator) prevented recovery of channel activity, even with zero external Ca and Mg.
This suggests that Ca removal increases the affinity of the filter for extracellular K, allowing recovery of channel activity as long as there is some extracellular K in the neighborhood of the filter. Chelation of extracellular K did not significantly reduce the baseline outward whole-cell K conductance, but probably caused inactivation by depriving the outer mouth of the channel of enough K to stabilize the filter during acidification. This occurred independently of extracellular Ca and confirms that external divalents are not the sole cause of Kir1.1 inactivation.
Individual removal of E92, D97, and E104 (Kir1.1b) slightly increased the sensitivity of inactivation to external Ca above wt-Kir1.1b (Fig. 7) , but the largest increase in Ca sensitivity to inactivation occurred after the Glu at E132 was removed. This raises the possibility that the E132Q-Kir1.1b mutation itself destabilizes the filter, making the channel more susceptible to inactivation by extracellular divalents. This would be consistent with our previous finding that E132 (see Fig. 13 ) stabilizes an inactivation gate at the Kir1.1b selectivity filter by forming a salt bridge with R128 of an adjacent subunit (7) . Alternatively, E132 could stabilize K binding at the S 0 , S 2 , S 4 sites of the selectivity filter. Replacing this negative Glu by Gln (E132Q-Kir1.1b) might destabilize K within the filter (or at S 0 ), making the filter more susceptible to inactivation by extracellular divalents.
The heightened Ca sensitivity of mutants lacking negative surface charge (E92A, D97V, E104S, and E132Q) argues against the idea that these negative residues are binding sites for external Ca. Rather, the negative surface charges may act to sequester extracellular K close to the outer surface of the channel. FIGURE 13 Homology model of N105E-Kir1.1b, showing two adjacent subunits and a region of enhanced negative surface charge resulting from the proximity of the wt-E104 and the mutant N105E. Salt bridging between E118, R128, and E132 has been suggested to have a role in stabilizing the selectivity filter (7).
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Finally, the Kir1.1 inactivation associated with elevated (5-20 mM) external Ca was prevented by the K61M-Kir1.1b mutation, which abolished the inactivation due to low extracellular K, possibly by disrupting H-bonding between inner and outer helices at the cytoplasmic side of the pore (6) . The time course of K61M-Kir1.1b channel recovery was similar to the 2 mM Ca data of Fig. 2 , but independent of Ca. However, complete removal of external K by chelation with 18-Crown-6 reduced K61M channel recovery by 30% (partial inactivation). This suggests that inactivation is influenced by a diverse set of signals involving interaction between the bundle-crossing gate, the transmembrane helices (at K61), and the extracellular concentrations of K, Ca, and Mg. The allosteric basis of inactivation is further supported by the observation that chelation of extracellular K did not by itself cause inactivation unless there was transient closure of the helix-bundle-crossing gate.
A number of studies have addressed the coupling between the bundle-crossing and selectivity filter gates in Kv channels (11, 12, 19, 21) , KcsA (21, 31, 32) , and eukaryotic Kir channels (6, 7, 16) . In Kv channels, there is evidence linking the activation gate with C-type inactivation (18) (19) (20) , perhaps through long-range allosteric communication (22) (23) (24) . In KcsA, there is good evidence that opening of the inner helical bundle gate initiates conformational changes at the selectivity filter (21, 26, 32) in analogy to the C-type inactivated state of Kv channels. This would be similar to the link between Kir1.1 pH-gate closure and inactivation reported here, except that with Kir1.1 the inactivated state is associated with the closed rather than the open state.
On the basis of 11 different crystallographic snapshots of KirBac3.1, Clarke et al. (25) suggested that coupling between the bundle-crossing gate and the selectivity filter may not be obligatory, and that gating at the filter may include but not be limited to C-type inactivation. This differs from our observations with Kir1.1, which suggest that closure of the bundle-crossing gate is a necessary but insufficient condition for selectivity filter inactivation. In addition to bundle-crossing closure, Kir1.1 inactivation also required either extracellular Ca > 1 mM when external K was 1 mM, or chelation of all external K by 18-Crown-6.
In summary, physiological concentrations of extracellular Ca and Mg potentiate the slow K-dependent inactivation of Kir1.1 associated with transient internal acidification. Since Kir1.1 is present at the apical membrane of the thick ascending limb, the connecting tubule, and the cortical collecting duct, Ca modulation of Kir1.1 inactivation may have significant effects on renal K secretion and recycling in these nephron segments. The precise mechanism of divalent modulation of inactivation is not understood, although inactivation is significantly more sensitive to Ca than Mg. Modulation of inactivation by divalents does not seem to result from either direct block of the permeation pathway, simple screening of surface charges, or direct displacement of K from the filter. Chelation of extracellular K produced a sustained inactivation that was independent of external Ca, implying that external Ca and Mg act allosterically to decrease the affinity of the outer part of the channel for extracellular K, thereby destabilizing the conducting conformation of the selectivity filter. Conversely, removal of external Ca may keep the filter gate constitutively open, as long as there are trace amounts of extracellular K.
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Supplemental figure captions
Fig S1A. Representative current traces that were used to construct the normalized whole-cell conductance curves of Fig 1 for the zero Ca condition, illustrating recovery of wt-Kir1.1b channel activity following a 15min acidification in 1mM K, 0mM Ca, 0mM Mg +1mM EGTA.
Fig S1B.
Steady state current voltage relations for the zero Ca condition, derived from the current traces of Fig  S1A, prior to, during, and after a 15 min internal acidification to pH 6.3. Whole-cell conductances, internal pH (pH i ) and times are indicated for each current-voltage relation. Fig S2A. Representative current traces that were used to construct the normalized whole-cell conductance curves of Fig 1 for the 2mM Ca condition, illustrating recovery of wt-Kir1.1b channel activity following a 15min acidification in 1mM K, 2mM Ca, 0 mM Mg. 
